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1、肺癌耐药蛋白、乳腺癌耐药蛋白、蛋白激酶 C、谷胱甘肽 -S-转移酶 -π和拓扑异构酶Ⅱ）mRNA及相应蛋白
的表达。免疫组织化学法检测与细胞增殖活性相关的 Ki-67和增殖细胞核抗原（proliferating cell nuclear antigen，
PCNA）的表达；FCM法检测细胞周期、细胞凋亡率的改变；Transwell小室法检测细胞体外侵袭能力的改变；最后，
分别采用 RT-PCR和蛋白质印迹法检测MAPK信号通路中ERK1、ERK2、ERK5、JNK1、JNK2和 p38α 基因及
相应蛋白的表达。结果：共建立 6株 ADM耐药细胞株；与亲本细胞株相比，耐药细胞株耐药指数均＞ 5，并对多
种化疗药耐受性增强，多药耐药相关基因及蛋白的表达均上调 2～ 10倍，以高浓度冲击法诱导的细胞中蛋白表达上





[中图分类号]　R735.7 [文献标志码]　A [文章编号]　1000-7431 (2012) 07-0507-09
The effects of multidrug resistance on cell proliferation, apoptosis and invasion activity and the 
expression of mitogen-activated protein kinase in human hepatocellular cancer cells
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[ABSTRACT]　Objective: To establish multiple human hepatocellular carcinoma (HCC) multidrug-resistant 
cell lines induced by chemotherapeutic drugs, and to investigate the effects of multidrug-resistance on 
cell proliferation, apoptosis and invasion activity and the relationship between the multidrug-resistance 
and the expression of mitogen-activated protein kinase (MAPK) pathway. Methods: Three different human 
HCC cell strains HepG2, SMMC-7721 and BEL-7402 were established by using pulse treatment with high 
concentration of adriamycin (ADM) or treatment with ADM of low concentration gradually increased. 
The difference between the resistant cells and the parental cells was evaluated. The drug sensitivity 
was tested by ATP bioluminescence to calculate the resistance index (RI). The expressions of multidrug 
resistance-related genes including P-glycoprotein (P-gp), multidrug resistance-associated protein 1 
(MRP1), lung cancer resistance protein 1 (LRP1), breast cancer resistance protein (BCRP), glutathione-S-
transferase-π (GST-π), topoisomerase Ⅱβ (ToPo Ⅱβ) and protein kinase C (PKC) and their proteins were 
detected by RT-PCR and immunohistochemistry (IHC), respectively. The expressions of cell proliferative 
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activity-related Ki-67 and proliferating cell nuclear antigen (PCNA) were detected by IHC. The cell cycle 
and apoptosis rate were detected by fl ow cytometry (FCM), and the change of cell invasion ability was 
detected by Transwell assay. The expressions of ERK1, ERK2, ERK5, JNK1, JNK2 and p38a genes and their 
proteins in MAPK pathway were detected by RT-PCR and Western boltting, respectively. Results: Six ADM-
resistant cell strains were established. Compared to parental cells, the RIs of all resistant cells were over 
5 with increased resistance to multiple chemotherapeutic drugs. The expressions of MDR genes and 
their proteins were increased 2-10 times, especially for the cells induced by pulse treatment with high 
concentration of ADM. The expressions of Ki-67 and PCNA proteins were increased over 20 times in the 
resistant cells. The cell cycles were arrested at phase S, and the invasive activities in vitro were increased 
1.3-2.5 times. The apoptosis rates were decreased by over 60% after ADM intervention. The expressions 
of MAPK pathway-related genes and proteins were increased in varying degrees, especially for ERK1 and 
ERK2. Conclusion: ADM can induce the multidrug-resistance in multiple HCC cell strains and increase 
the cell proliferation activity, alter the cell cycle distribution, strengthen the anti-apoptosis effect and 
enhance the invasive ability of the HCC cells. The multidrug-resistance maybe associated with the up-
regulation of MAPK pathway.
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SMMC-7721 和 BEL-7402 均引自中国科学院
上海生命科学研究院细胞资源中心。HepG2
用 DMEM/ 高 糖 完 全 培 养 液，SMMC-7721、
BEL-7402 用 RPMI 1640 完全培养液常规培养
（DMEM/高糖完全培养液与 RPMI 1640完全培
养液均购自美国 Hyclone公司）。
1.2　主要试剂和仪器　Cell Invasion Assay Kit
购 自 美 国 Chemicon 公 司，TRIzol Reagent 购
自 美 国 Invitrogen 公 司，RevertAidTM First Strand 
cDNA Synthesis Kit 购 自 立 陶 宛 Fermentas 公
司，ECMatrix 550 购 自 美 国 Millipore 公 司，






白 1（multidrug resistance-associated protein 1，
MRP1）、P-糖蛋白（P-glycoprotein，P-gp）、肺癌
耐药蛋白（lung cancer resistance protein，LRP）、谷
胱甘肽 -S-转移酶 -π（glutathione-S-transferase-π，
GST-π） 和 拓 扑 异 构 酶 Ⅱ（topoisomerase Ⅱ，
ToPoⅡ）单克隆抗体以及羊抗鼠、羊抗兔二抗均
购自福建迈新生物技术开发有限公司，一抗兔抗

















荧光定量 PCR 仪（7500 型）为美国 ABI 
Prism公司产品，流式细胞仪为 Beckman Coulter




250 mL培养瓶中，待细胞增殖至 70%～ 80%融










250 mL培养瓶中，待细胞增殖至 70%～ 80%融
合时，加入 ADM 至终质量浓度为 0.01 μg /mL，
作用 12 h，恢复常规培养。随后逐渐提高 ADM







细胞悬液，进行下一步实验。按 ApoSensor Cell 
Viability Assay Kit 使用说明书，采用生物发光
法计算细胞对化疗药物的半数抑制浓度（half 




值（波峰 420 nm，光谱范围 350～ 650 nm），采
用双对数夹心法绘制标准曲线。亲本细胞株与
耐药株细胞按 ADM 理论血液峰值浓度（peak 
concentration）的近似值计算中位药物浓度，设
置 5个 ADM药物浓度，接上法检测，计算不同
浓度下 ATP值。线性拟合法计算获得 IC50 值， 
RI＝耐药细胞 IC50值 /亲本细胞 IC50值。细胞
对其他化疗药物敏感性的检测均参照此方法。
1.5　MDR相关基因及蛋白表达的检测 
1.5.1　RT-PCR 检测 MDR 相关基因的表达　
取对数生长期肝癌细胞 HepG2、SMMC-7721、
BEL-7402亲本细胞及对应耐药细胞分别接种于
250 mL培养瓶中，待细胞增殖至 70%～ 80%融
合时，收集细胞。耐药细胞同样于实验前脱药培
养 2周。按 TRIzol 试剂盒使用说明提取细胞总
RNA，并反转录为 cDNA，反转录反应采用 20 
μL反应体系中加入 1 μL的总 RNA 及 1 μL 的
RevertAid ™ M-MuLV Reverse Transcriptase（200 
U/μL）。PCR 扩增采用 25 μL 反应体系中加入 
3 μL cDNA模板，上、下游引物各 0.4 μL（引物
表 1　PCR引物序列
Table 1　Primer sequences for PCR
Gene Primer sequence Product length/bp
β-actin（NM_001101.3） 5’-TGTCCACCTTCCAGCAGATGT-3’，5’-AAGTCATAGTCCGCCTAGAAGCA-3’   97
P-gp（AF016535.1） 5’-AGCAGAGGATCGCCATTGC-3’，5’-CTGAACCACTGCTTCGCTTTC-3’ 105
MRP1（AB208970.1） 5’-CATTGGTGTGGTGAGTCAGGAA-3’，5’-TCTCAATCTCATCCATGGTGACA-3’   98
LRP1（NM_017458.2） 5’-ACTGGCACTTTGAGGTGAATGAC-3’，5’-GATGGCTTTGCAGGCATCA-3’   95
BCRP（AF098951.2） 5’-AAGCAGGGACGAACAATCATCT-3’，5’-CCAATAAGGTGAGGCTATCAAACA-3’   82
PKC（NM_002737.2） 5’-CCCAAACATTGACAAATCCTAACC-3’，5’-CAACCAAGGAGGGTACCAGATG-3’ 111
GST-π（NM_000852.3） 5’-CAGGGAGGCAAGACCTTCATT-3’，5’-GGGCTAGGACCTCATGGATCA-3’   91
Topo Ⅱ β（NM_001068.2）5’-GAAACGGAATCCTTGGTCAGAT-3’，5’-TTTCGGCTGCTGCTCTCCTA-3’ 110
p38α（NM_139012.2） 5’-AGATGAGTGGAAAAGCCTGACCTA-3’，5’-AGGACTCCATCTCTTCTTGGTCAA-3’   80
JNK1（L26318.1） 5’-GCAGGAACGAGTTTTATGATGAC-3’，5’-GTAGCCCATGCCAAGGATGA-3’   81
JNK2（NM_139068.2） 5’-CTCTGCGTCACCCATACATCA-3’，5’-CCAACTGGGCATCATAAATTTG-3’   94
ERK1（NM_002746.2） 5’-GCTGGACCGGATGTTAACCTT-3’，5’-TCATCCGTCGGGTCATAGTACTG-3’   99
ERK2（NM_002745.4） 5’-TATTTGTTCCTGCCACTGTGTACT-3’，5’-AGGCAAATTTCTCACCACAGA-3’ 105
ERK5（NM_139033.2） 5’-CTGGCTACGGTGTTGGCTTT-3’，5’-AATCTGCCTGGCCATCCT-3’   93
P-gp: P-glycoprotein; MRP1: Multidrug resistance-associated protein 1; LRP1: Lung cancer resistance protein 1; BCRP: Breast 
cancer resistance protein; PKC: Protein kinase C; GST-π: Glutathione-S-transferase-π; ToPo Ⅱβ: Topoisomerase Ⅱβ; JNK: C-Jun 
N-terminal kinase; ERK: Extracellular signal-regulated kinase.
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上细胞长至 70% ～ 80% 融合时，取出载玻片。
PBS 洗涤细胞，用 5%的乙醇溶液固定细胞 10 
min。ElivisionTM plus免疫组织化学法染色，一
抗分别为抗 P-gp、MRP1、LRP、BCRP、PKC、












的耐药细胞，90×g 离心 5 min，弃培养液，PBS
洗涤细胞，预冷的 70%乙醇溶液重悬细胞，4 ℃
固定细胞过夜。流式细胞仪检测前，加入碘化丙
啶（propidium iodide，PI），PI终质量浓度为 50 





1.8　 细 胞 抗 凋 亡 能 力 的 检 测　HepG2、
SMMC-7721和 BEL-7402亲本细胞及对应耐药细
胞经 ADM（5 μg/mL）作用 24 h后，收集、洗涤
并重悬细胞，调整细胞密度为 1×105 个 /mL，加
入 Annexin Ⅴ -FITC（终质量浓度 0.5 μg/mL）、
PI（终质量浓度 5 μg/mL），在 4 ℃暗处处理 40 
min后，采用流式细胞仪检测细胞的凋亡情况。
1.9　细胞体外侵袭能力的测定　将 Transwell小
室复温、再水化，细胞去血清饥饿培养 12 h后， 
采用无血清培养液重悬细胞，调整细胞密度为 
5×105个 /mL，Transwell小室上室每孔加入细胞













c-Jun氨基末端激酶 1（c-Jun N-terminal kinase 1，
JNK1）、JNK2和 p38α]的表达。20 μL扩增反应
体系中加入 cDNA模板 3.4 μL（稀释比例为 1∶
10），上、下游引物各 0.3 μL（引物见表 1）。耐药
细胞株目的基因的表达相对于亲本细胞株的变化倍
数＝ 2－ΔΔCt[ΔΔCt ＝（Ct 目的基因－Ct 管家基因）实验组－




实验数据行统计学分析。实验所得数据以  ± s表







为 15.32，SMMC-7721/ADM-H 为 21.46，
SMMC-7721/ADM-L 为 9.51，BEL-7402/
ADM-H为 26.12，BEL-7402/ADM-L为 11.95，










MRP1、LRP1、BCRP、GST-π、Topo Ⅱ β 和
PKC）表达量均较亲本株有不同程度增加，差异
均有统计学意义（t ＞ 2.447，P ＜ 0.05），其中 P-gp、





Table 2　Comparison of sensitivities to different chemotherapeutic drugs between human hepatocellular carcinoma (HCC) 
parental cells and the resistant cells








HepG2 HepG2/  ADM-H SMMC-7721
SMMC-7721/
  ADM-H BEL-7402
BEL-7402/
  ADM-H
EPI 121.0±12.0 1 430.0±63.0 11.82   79.4±6.8 1 020.0±98.0 12.85 103.0±9.5 1 140.0±98.0 11.07
VCR     5.2±0.2    122.0±9.4 23.42     0.2±0.0        4.0±0.3 20.10     2.0±0.1      35.6±3.1 17.98
CTX 383.0±11.0 4 620.0±22.0 12.06 221.0±22.0 3 120.0±310.0 14.12 179.0±14.0 3 210.0±310.0 17.93
VP-16   21.9±0.4      82.5±12.0   3.77     6.0±0.4      86.4±6.6 14.33   19.7±1.5      91.5±7.9   4.64
MMC   70.4±8.1    383.0±39.0   5.44   50.2±4.8    313.0±2.8   6.24   58.6±5.3    236.0±21.0   4.03
cDDP     2.8±0.3      27.8±2.9   9.82     1.0±0.1      12.1±1.1 11.63     2.0±0.1      28.6±2.5 14.52
PTX     3.2±0.3        6.1±0.8   1.90     2.0±0.1        5.1±0.4   2.52     3.9±0.3      10.7±0.9   2.75
5-FU   60.1±6.5    448.0±39.0   7.45   39.7±3.8     338.0±3.1   8.51   53.7±5.0    815.0±6.3 15.18
MTX 312.0±20.0    944.0±32.0   3.03 258.0±21.0     647.0±5.6   2.51 248.0±21.0    535.0±4.7   2.16
IC50: Half inhibition concentration; RI: Resistance index; EPI: Epirubicin; VCR: Vincristine; CTX: Cyclophosphamide; VP-16: 
Etoposide; MMC: Mitomycin; cDDP: Cisplatin; PTX: Paclitaxel: 5-FU: 5-Fluorouracil; MTX: Methotrexate.
表 3　人肝癌亲本细胞株与其相应的 ADM耐药细胞株中耐药基因 mRNA表达量的比较
Table 3　Comparison of mRNA expressions of resistance-related genes between human HCC parental cells and the resistant 
cells
(n=6,  ± s)
Cell strain P-gp MRP1 LRP1 BCRP GST-π Topo Ⅱ β PKC
HepG2 0.127±0.007 0.232±0.014 0.262±0.010 0.105±0.010 0.317±0.008 0.253±0.010 0.265±0.018
HepG2/ADM-H 0.952±0.061 0.552±0.035 0.443±0.029 0.477±0.021 0.368±0.011 0.836±0.024 0.282±0.014
HepG2/ADM-L 0.864±0.047 0.473±0.026 0.368±0.015 0.461±0.018 0.354±0.010 0.769±0.020 0.278±0.022
SMMC-7721 0.102±0.007 0.130±0.011 0.259±0.006 0.197±0.008 0.154±0.013 0.158±0.006 0.240±0.014
SMMC-7721/ADM-H 0.708±0.016 0.383±0.034 0.295±0.014 0.346±0.007 0.201±0.012 0.677±0.021 0.284±0.007
SMMC-7721/ADM-L 0.599±0.014 0.209±0.016 0.296±0.012 0.435±0.019 0.197±0.011 0.584±0.014 0.266±0.013
BEL-7402 0.108±0.008 0.157±0.013 0.286±0.009 0.206±0.016 0.173±0.005 0.205±0.007 0.223±0.017
BEL-7402/ADM-H 0.821±0.020 0.417±0.027 0.425±0.016 0.386±0.013 0.234±0.010 0.773±0.018 0.258±0.014
BEL-7402/ADM-L 0.665±0.012 0.289±0.020 0.416±0.018 0.365±0.011 0.236±0.011 0.681±0.022 0.244±0.022
达，结果显示，P-gp（图 1A）、MRP1和 BCRP
蛋白主要表达于细胞膜（细胞质）中，LRP1和
GST-π 主要表达于细胞质中，而 Topo Ⅱ β 和
PKC则主要表达于细胞核上。统计结果显示，耐
药株蛋白表达量均较亲本株有不同程度增加，差
异具有统计学意义（t ＞ 2.447，P ＜ 0.05），其
中各组耐药蛋白均增加 1倍以上（表 4）。
2.4　细胞增殖相关蛋白的表达　免疫组织化学检


























药株穿膜细胞数增加 1.4～ 2.6倍，以 HepG2/ 
ADM-H增加最明显，各组细胞经比较差异具有
统计学意义（t ＞ 2.447，P ＜ 0.05），直接法与
间接法高度相关（r ＞ 0.98，表 6），提示耐药细
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表 4　人肝癌亲本细胞株与其相应的耐药细胞株中多药耐药相关蛋白表达量的比较
Table 4　Comparison of the expression levels of resistance-related proteins between human HCC parental cells and the 
resistant cells
[Absorbance (D) value, n=6,  ± s]
Cell strain P-gp MRP1 LRP1 BCRP GST-π Topo Ⅱ β PKC
HepG2   1.23±0.06   1.46±0.07 1.89±0.12 1.34±0.11 1.14±0.13 1.45±0.18   1.25±0.19
HepG2/ADM-H 13.26±0.61 12.07±0.31 2.34±0.21 3.85±0.14 2.82±0.18 4.04±0.43 13.45±0.34
HepG2/ADM-L 12.37±0.42   9.82±0.24 2.11±0.19 3.22±0.13 2.55±0.16 3.86±0.38 11.85±0.28
SMMC-7721   1.16±0.12   1.39±0.09 1.76±0.15 1.12±0.08 1.88±0.14 1.62±0.17   1.38±0.17
SMMC-7721/ADM-H 10.62±0.24   8.93±0.32 2.45±0.23 2.98±0.09 2.67±0.19 4.26±0.32 14.72±0.53
SMMC-7721/ADM-L   9.83±0.31   8.77±0.34 2.27±0.18 3.01±0.14 2.45±0.18 3.96±0.28 14.35±0.49
BEL-7402   1.08±0.07   1.27±0.09 1.52±0.21 1.26±0.13 1.76±0.12 1.83±0.21   1.59±0.09
BEL-7402/ADM-H 12.36±0.32 12.88±0.23 2.03±0.19 3.56±0.11 2.96±0.21 4.56±0.41 14.23±0.54
BEL-7402/ADM-L 10.76±0.24 8.572±0.19 1.95±0.22 3.29±0.17 2.85±0.19 3.79±0.38 13.82±0.46
表 5　人肝癌亲本细胞株及 ADM耐药细胞株细胞周期分布的比较
Table 5　Comparison of cell cycle distribution induced by ADM between human HCC parental cells and the resistant cells





HepG2 64.95±2.87 14.51±0.47 20.54±0.96 35.05
HepG2/ADM-H 55.31±2.94 23.77±1.63 21.92±2.14 45.69
HepG2/ADM-L 59.14±3.06 26.36±1.82 14.50±1.58 40.86
SMMC-7721 55.73±2.53 27.04±1.37 18.23±1.95 45.27
SMMC-7721/ADM-H 36.37±2.37 41.58±1.52 22.05±1.27 63.63
SMMC-7721/ADM-L 40.51±2.78 39.21±2.19 20.28±1.46 59.49
BEL-7402 59.26±2.64 22.47±1.26 18.27±1.63 40.74
BEL-7402/ADM-H 48.12±2.36 31.63±1.41 20.25±2.25 51.88
BEL-7402/ADM-L 52.83±2.49 29.58±2.01 17.61±1.16 47.17
Fig.1　The expressions of P-gp protein, Ki-67 and proliferating cell nuclear antigen (PCNA) proteins in HCC parental 
HepG2 cells and the resistant cells (HepG2/ADM-H and HepG2/ADM-H cells) were detected by immunohistochemistry 
(Fig. 1A: DAB staining). Fig. 1B showed the corresponding histograms of the results of immunohistochemistry.











































































Fig.2　The apoptosis and surviving rates of human HCC parental cells and the resistant cells were detected by flow 
cytometry (FCM). P<0.05, vs  the parental cells.
图 2　FCM法检测人肝癌亲本细胞株及其 ADM耐药细胞株的凋亡率及存活率
表 7　人肝癌 ADM耐药细胞株相对亲本细胞株MAPK信号通路中相关基因 mRNA相对表达量的比较
Table 7　Comparison of the relative expression levels of mitogen-activated protein kinase (MAPK) pathway-related genes 
between human HCC parental cell lines and the resistant cell lines
(n=3,  ± s)
Cell strain ERK1 ERK2 ERK5 JNK1 JNK2 p38α
HepG2/ADM-H   3.13±0.04 35.03±0.38   4.29±0.05   1.37±0.01 128.10±1.56   32.67±0.36
HepG2/ADM-L 40.03±0.16 71.47±0.52 48.20±0.42   8.31±0.09 604.31±6.14 138.57±1.52
SMMC-7721/ADM-H   1.36±0.01   8.29±0.04 25.47±0.23   1.29±0.02 103.21±1.21     4.95±0.05
SMMC-7721/ADM-L   2.64±0.02 17.28±0.10   5.73±0.06 15.61±0.16 419.46±4.65   46.56±0.53
BEL-7402/ADM-H   4.28±0.04 34.91±0.18 38.31±0.16 11.43±0.13 190.20±2.03   37.16±0.39
BEL-7402/ADM-L   1.90±0.00 18.60±0.11 36.23±0.14   2.34±0.03 258.60±2.67   17.21±0.21
Fig.3　The expressions of ERK1 and ERK2 proteins in HCC parental HepG2, SMCC7721 and BEL-7402 cells and their 
resistant cells (HepG2/ADM-H, HepG2/ADM-L, SMCC7721/ADM-H, SMCC7721/ADM-L, BEL-7402/ADM-H and 
BEL-7402/ADM-L cells) were detected by Western blotting. 
图 3　蛋白质印迹法检测人肝癌亲本细胞株及其 ADM耐药细胞株中 ERK1和 ERK2蛋白的相对表达量
表 6　人肝癌 ADM耐药细胞株相对亲本细胞株突过基质
膜数量（侵袭指数）的比较
Table 6　Comparison of the invasion index (number of 
the cells infiltrating the basement membrane) between 
human HCC parental cells and the resistant cells
(n=6,  ± s)
































P ＜ 0.05，表 7）。
蛋白质印迹法检测结果显示，3种肝癌 ADM
耐药株中 ERK1和 ERK2蛋白的表达量均较亲本


















































































































的表达上调，而 JNKs和 p38这 2条通路通过负
反馈机制代偿性表达升高，即亚通路间存在着动
态平衡，在受到持续刺激后可能出现“阈值”的
增减。由于 ERKs 信号通路可以调节 P-gp 的表
达 [17]。JNKs和 p38这 2条通路可以通过增加下
游基因AP-1的转录活性等方式介导 P-gp的表
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